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Introduction 1
Two enduring fundamental questions in modern evolutionary biology are what factors 2 limit the rate of adaptive evolution? and to what extent are adaptive evolutionary paths 3 predictable? [1] Theoretically, the predictability of adaptation depends on a number of factors 4 that constrain the number of possible evolutionary paths. Among these is the number of potential 5 targets for beneficial mutations [2] [3] [4] . However, the extent to which adaptation is constrained by 6 mutation rate is unclear for most traits and some investigators have emphasised important roles 7 for pleiotropy, the phenomenon by which one mutation affects multiple phenotypes, and 8 epistasis, the effect of genetic background on the contribution of a mutation to a given 9 phenotype, among other factors [1, [5] [6] [7] . 10
Evaluating the relative importance of these factors has been challenging. One approach 11 has been to cobble together examples of adaptations from different traits in different species and 12 contexts in an attempt to come to general conclusions (e.g. [8, 9] ). However, the heterogeneity 13 inherent in such broad comparisons of different traits in different biological contexts may 14 substantially limit the power to make inferences from such data [10] . An alternative is to 15 examine cases on a trait-by-trait basis in the context of adaptation to common selective pressure 16 [10] . Instances of parallel evolution, the independent evolution of similar features in different 17 lineages, can provide multiple portraits of the evolutionary process and offer insight into the 18 factors that constrain adaptation and the extent to which adaptive evolutionary paths are 19 predictable. 20
Examples of parallelisms from nature are abundant and occur at different scales from the 21 resemblance of morphological traits to individual nucleotide substitutions that encode regulatory 22 or protein changes [4, 11, 12] . Such examples will have greater power to make inferences about 23 reference (including ATPα1A and ATPα1B) using bwa mem [53] with default criteria, processed 1 with SAMtools 0.1.18 [54] and mapped reads were counted with HTSeq 0.6.1 [55] . We used the 2 inverted beta-binomial (ibb) test [56] to determine the significance of difference of expression 3 level between tissues. The method uses a negative binomial distribution in a generalised linear 4 model framework for paired-sample testing. We applied a standard Bonferroni correction to 5 account for multiple tests. Paired-sample count data were normalised by either total number of 6 mapped reads or the sum of reads mapping to ATPα1A and ATPα1B (Table S3) . 7 8 Re-analysis of Lygaeid ATPα1 evolution and expression. 9
Using the recently completed Oncopeltus fasciatus genome [57], we detected a fourth 10 copy of ATPα1 (ATPα1D) in these Lygaeid bugs that was missed by previous studies. Lygaeid 11 ATPα1D is the least-derived copy at sites implicated in cardenolide-sensitivity and is expressed 12 in O. fasciatus heads, yet has the lowest expression of the four copies ( Figure 3A) . We also 13 confirmed that, like copies A-C, ATPα1D is also shared with Lygaeus kalmii (a sister-genus 14 species) but we could only partially reconstruct it from our de novo transcriptome assembly due 15 to its low expression. Using RNA-seq data for O. fasciatus, we confirmed the finding of 16 differential expression of duplicates documented by Zhen et al. [30] (Figure S3A ). All four 17 copies of ATPα1 in the Lygaeid O. fasciatus are more highly expressed in the head than the gut. 18
The putatively most sensitive copy (ATPα1D), despite having the lowest expression level of the 19 four copies, exhibits the greatest degree of up-regulation in the head relative to other copies 20 ( Figure S3B) . 21
22

Evolutionary analyses 23
The ages of the duplicates were calculated from dS (the per site rates of substitution at 24 synonymous sites) estimated using PAML4. To obtain distributions of lineage-specific evolutionary rates, ATPα1 lineages were 9 grouped into four categories. ATPα1 of all non-specialist species were denoted as "Outgroup". 10 ATPα1 of Apocynaceae-specialists with a single copy of ATPα1 are denoted "Single". For 11 specialists with multiple copies of ATPα1, copies that are up-regulated in the gut relative to the 12 head are assumed to be relatively cardenolide-insensitive copies and marked as Dup I [30] . 13
Likewise, those up-regulated in the head relative to the gut are assumed to be relatively sensitive 14 copies and were grouped as Dup S . We chose this criterion rather than the number of 15 insensitivity-conferring substitutions because using the latter makes the designation of copies 16 with intermediate numbers of substitutions ambiguous. In Lygaeid bugs (O. fasciatus and L. 17 kalmii), this implies that copies A and B are treated as relatively insensitive copies (Dup I ), 18
whereas C and D are treated as relatively sensitive (Dup S ) ( Figure S3 ). The dN/dS ratios 19 (omega) for ATPα1 along a lineage were estimated within each insect order using PAML codeml 20 under free ratio model. Parameters were set as follows: seqtype = 1, model = 1, NSsites = 0, 21 clock = 0, CodonFreq = 2, fix_kappa = 0, kappa = 2.0, fix_omega = 0, omega = 0.02. 22
Differences in the distribution of branch-specific estimates of omega between each group were 23 tested with Dunn's test of multiple comparisons using rank sums as implement in R (dunn.test).
We also evaluated evidence for positive selection acting on individual sites of ATPα1 1 using PAML codeml. To do this, we defined and investigated several models (Figure 7 , Table  2 S4). 
Survey of ATPα1 of 15 Orthopteran genera 18
Using an RNA-seq-based gene discovery method, we reconstructed the complete coding 19 sequences of the alpha subunit of Na + , K + -ATPase (ATPα1) of grasshoppers from species 20 representing ten genera in the family Pyrgomorphidae, as well as five outgroup species within, 21 and one outside, the order Orthoptera (Figure 2) . Our broad survey of Apocynaceae-feeding 22
Pyrgomorphidae revealed few amino acid substitutions among the 41 sites implicated in 23 cardenolide-sensitivity ( Table S1 ). The two most broadly distributed substitutions, Q111L and 24 A119S, correlate only weakly with Apocynaceae-feeding, aposematism, and the presence of 1 abdominal defensive glands in the group. The glaring exception is the lineage leading to the 2 genera Poekilocerus and Phymateus, both containing multiple species, which appear to share a 3 duplication of ATPα1. Both species surveyed retain an ancestral version of the protein 4 (ATPα1B) while having a highly-derived copy (ATPα1A). The diverged ATPα1A copies of 5
Poekilocerus and Phymateus share many amino acid substitutions relative to the ancestral copy, 6 several at sites implicated in cardenolide-sensitivity. Phylogenetic analysis clearly indicates that 7 the duplication of ATPα1 and functional divergence of ATPα1A predates the diversification of 8 these clades into separate genera and species and we estimate the age of the duplication to be ~36 9 million years old. Exceptions include aphids (Aphis nerii and Acrythosiphon pisum), the milkweed leaf beetle 22 (Labidomera clivicolis) and several Hymenopteran species that harbour the similar substitution, 23 A119N. Q111L and A119S are not associated with cardenolide-feeding or Apocynaceae-24 specialisation in the Orthoptera and are possessed by a number of non-aposematic species not 1 known to feed on cardenolide-containing plants (e.g. L. migratoria, C. hemipterus, A. 2 acutipennis). The substitutions Q111L, A119S, and A119N also occur sporadically among a 3 number of other insects not known to feed on Apocynaceae (Figure S2) . 4
Considering the cardenolide-insensitive ATPα1A copy-specific substitutions of 5
Poekilocerus and Phymateus, N122H stands out as a substitution observed in parallel in many 6 other Apocynaceae-specialists including at least one member of each of the six insect orders 7
surveyed. The N122H substitution in isolation has been shown to increase Drosophila ATPα1 8
insensitivity to the cardenolide ouabain by 250-fold [64] and increase survival of HeLa cells 9 challenged with ouabain [31]. N122H has also been reported to interact synergistically with 10 substitutions at Q111, though Q111L was not tested [31] . The Orthopteran ATPα1A copy-11 specific substitutions V115T, P118S, D121N, I315V and L874M also occur in at least one other 12 insect order. Of these, D121N is known to decrease cardenolide-sensitivity by ~100-fold [65] . 13 14 Unique substitutions associated with duplication of ATPα1 and differential expression of 15 neo-functionalised copies. 16
Using data from three insect orders, Zhen et al.
[30] found a significant enrichment of 17 unique substitutions at sites implicated in cardenolide-sensitivity in Apocynaceae-specialist 18 lineages with duplicated copies of ATPα1 compared to those that retain a single copy. They also 19 documented convergent patterns of differential gene expression of independently derived 20 duplicates found in specialists. Specifically, they noted that duplicates inferred to be the most 21 sensitive to cardenolides, based on the number of substitutions at sites implicated in cardenolide-22 insensitivity, consistently exhibited up-regulation in the head relative to the gut. Zhen et al. [30] 23 argued that this might be expected since the gut is the site of first-processing of cardenolides and 24 sensitive forms of ATPα1 in nervous tissue are likely protected to some extent by the blood-brain 1 barrier provided by the glial sheath surrounding neurons [30, 66] . Zhen et al. [30] interpreted this 2 pattern as being consistent with a key role for pleiotropy in the evolution of cardenolide-3 insensitivity. Specifically, they proposed that there might be trade-offs in enzyme performance 4 associated with unique substitutions that are ameliorated by differential expression of neo-5 functionalised duplicate copies. Here, we re-evaluate this claim in the context of our expanded 6 dataset, which now includes Orthoptera and previously published data for five other insect 7 orders. 8
Despite the remarkable parallelism at the levels of gene duplication and amino acid 9 substitutions, it is notable that "unique" substitutions (i.e. those unique to one lineage) at sites 10 implicated in cardenolide-sensitivity in Orthoptera are restricted to duplicated copies, as 11 observed in other Apocynaceae-specialists with duplications. Notably, ATPα1A of Poekilocerus 12 and Phymateus share a unique two amino acid insertion between residues 119 and 120 of the 13 ancestral protein (Figure 2) . Insertions or deletions have not been observed so far among the 14 other five insect orders surveyed to date (Figure 3, Figure S2 ). Furthermore, Phymateus 15 leprosus harbours an additional amino acid substitution (D120E) that also appears to be unique 16 among Apocynaceae-specialists. Notably, no unique substitutions were observed among the 17 other 12 Orthopteran species surveyed that appear to retain a single copy of ATPα1. 18
We also find that the functionally diverged duplicates of ATPα1 in the Orthopteran 19
Poekilocerus pictus are differentially expressed in a similar manner to those found in Lygaeid 20 bugs (see Methods) and other Apocynaceae-specialists [30] . Specifically, the putatively less 21 cardenolide-sensitive copy (ATPα1A) is up-regulated relative to the more sensitive copy 22 (ATPα1B) in the gut compared to muscle and head (Figure 4) . The cardenolide-sensitive copy 23
ATPα1B accounts for 18.7% of total ATPα1 expression in the brain but only 2.2% in the foregut, 24 which is the primary location of cardenolide processing. This finding is consistent with previous 1 studies of the related Poekilocerus species, P. bufonius, that noted Na + , K + -ATPase activity of 2 the brain was more sensitive to cardenolide-inhibition than that of the gut [45]. Since the 3 duplication of ATPα1 appears to predate the diversification of Poekilocerus, it is highly likely 4 that the tissue-specific ouabain-sensitivity can be explained by the presence of the same 5 duplication we have documented here. 6
Having established tissue-specific expression of duplicate copies in Lygaeids (see 7
Methods) and Orthopterans, we then re-visited the pattern of unique versus parallel substitution 8 with respect to duplication status and differential expression of ATPα1 in the full dataset now 9 spanning six insect orders (Figure 5) . Consistent with Zhen et al.
[30], we find a marked 10 enrichment of unique substitutions at sites implicated in cardenolide-sensitivity in Apocynaceae-11 specialists with duplicated copies of ATPα1 (Fisher's exact test P=0.0022). Examining the 12 pattern in more detail, it is apparent that unique substitutions appear to be unequally distributed 13 among copies. In each case of duplication, we can distinguish between less-sensitive and more-14 sensitive copies based on the number of derived amino acid-substitutions that have been 15 implicated in cardenolide-sensitivity. We find a significant enrichment of unique substitutions in 16 the dataset (13/14) occur on putatively less-sensitive copies of ATPα1 that are substantially more 17 expressed in the gut than more-sensitive copies (in the 4/5 cases where expression patterns have 18 been investigated). 19 20
Relaxed constraints on ATPα1 duplicates and positive selection for insensitivity. 21
It is clear from the above analyses that the evolution of cardenolide-insensitivity in some 22 taxa is facilitated by duplication and differential expression of ATPα1, which is expected to relax 23 constraints at sites known to confer insensitivity but are associated with negative pleiotropic 24 effects. We further carried out a phylogenetic analysis to ask 1) whether this relaxation in 1 constraint extends beyond sites directly implicated in cardenolide insensitivity, and 2) whether 2 there is evidence for positive selection associated with Apocynaceae-specialisation at these and 3 other sites in the protein. To examine patterns of constraint in more detail, we grouped both 4 external and internal branches of the ATPα1 phylogeny into four categories: Outgroup; 5
Apocynaceae-specialist lineages with a single ATPα1 copy (Single), and Apocynaceae-specialist 6 lineages harbouring duplications that are inferred to be either relatively sensitive (Dup S ), or 7 relatively insensitive (Dup I ) to cardenolides (see Methods). Examining the distributions of 8 omega (dN/dS) estimates among these classes reveals that putatively less sensitive copies of 9 ATPα1 (Dup I ) evolve ~5-fold faster than their more sensitive counterparts (Figure 6) . We find 10 that this pattern persists if we exclude the sites directly implicated in cardenolide-sensitivity 11 (Figure S4) , implying that relaxation of constraint on derived copies extends beyond this class of 12 sites in the protein. 13 We next asked whether relaxed constraint in Apocynaceae-feeding lineages, or on 14 insensitive duplicate ATPα1 lineages, is sufficient to account for the data or whether there is 15 evidence for positive selection associated with insensitivity-conferring amino acid substitutions. 16
We conducted a site-specific scan for positively selected substitutions using the improved branch 17 site model implemented in PAML (see Methods). Site 111, a site directly implicated in 18 cardenolide insensitivity and the target of frequent parallel amino acid substitution across insect 19 orders, is identified as positively selected in this analysis under models assuming either positive 20 selection in Apocynaceae-specialists, or only on Apocynaceae-specialist lineages bearing a 21 single copy of ATPα1 (BEB posterior probability ≈ 1.0 under both models, Figure 7 , Table S4 ). 22
Sites 115, 118 and 122, also directly implicated in cardenolide-sensitivity, are identified as 23 positively selected under models of positive selection on the Dup I lineages of ATPα1 (BEB 24 posterior probabilities of 0.956, 0.998 and 0.993, respectively, Figure 7) . Interestingly, evidence 1 for positive selection also emerges at several sites in the protein not previously implicated in 2 cardenolide-sensitivity. Seven sites show evidence for positive selection in lineages bearing 3 duplicate copies of ATPα1 including a cluster of three sites (560, 563, and 566) that are located 4 far from the cardenolide-binding domain (Table S4, Figure S1) . 5 6 Discussion 7
Predictability in evolutionary biology not only refers to being able to forecast future 8 evolutionary events but is also a statement about the ability to predict the genetic basis of 9 adaptations outside a taxonomic group in which the rules governing the genetic basis of a 10 particular adaptation were deduced. Previous surveys of ATPα1 in the context of insect 11 adaptation to cardenolides established that, despite a reasonably large target size for evolving 12 target-site insensitivity (i.e. 41 sites implicated in cardenolide-sensitivity, Table S1), a small 13 proportion of these sites (and sites 111 and 122 in particular) are disproportionately used in the 14 evolution of insensitivity to cardenolides [30] . The exception to this pattern is found in insects 15 that have duplicated ATPα1 and differentially allocate a functionally-diverged copy to the gut, 16
while retaining an ancestral copy that is more highly expressed in the head. 17
To test the generality of these patterns as predictors, we surveyed aposematic 18 grasshoppers that sequester cardenolides belonging to Orthoptera, which is the first 19
Polyneopteran order to be examined for cardenolide insensitivity (Figure 1) . Of the 10 species of 20 Pyrgomorphidae included in the analysis, six species have been reported to feed on Apocynaceae 21 and exhibit aposematic colouration and chemical defence (Figure 2) . The remaining four species 22 feed on non-toxic plants and show cryptic colouration. While we initially expected all 23
Apocynaceae-feeding species to show substitutions at sites implicated in cardenolide-24 insensitivity, we found that most Orthopteran species harbour only two substitutions (Q111L and 1 A119S), that are not correlated with consumption and/or sequestration of cardenolide-containing 2 plants in this group. The specific substitution Q111L appears to only weakly confer insensitivity 3 to cardenolides based on previous functional studies. Furthermore, A119S does not interact with 4 cardenolides directly or have an effect on cardenolide-affinity, although it does contribute to 5 more rapid association/dissociation kinetics of the cardenolide ouabain [67] . Given this and their 6 broader phylogenetic distribution (Figure 3, Figure S2) , it is possible that these ancient and 7 recurrent substitutions represent exaptations [68] that facilitate the evolution of more resistant 8 forms of ATPα1 in some insect lineages [29] . 9
Nevertheless, two of the six species (Poekilocerus and Phymateus) do share a duplication 10 (ATPα1A) that exhibits multiple amino-acid substitutions known to confer insensitivity to 11 cardenolides. Why amino acid substitutions with large effects on cardenolide sensitivity or 12 insensitive duplicates of ATPα1 are not found in the other four Apocynaceae-feeding species 13 deserves an explanation. Of the six Apocynaceae-feeding species included in this study, 14 and Taphronota) do not have specialised abdominal glands, but produce toxic foams through 23 various pores on the thorax and abdomen [41] . It is unknown whether they use cardenolides as their main chemical defence. The lack of cardenolide insensitivity of Na + , K + -ATPase in 1 Zonocerus, Aularches, Dictyophorus, and Taphronota seems to suggest that they rely on other 2 unknown mechanisms to cope with the toxicity of Apocynaceae. It is possible that while they are 3 capable of consuming Apocynaceae, they might prefer a mixture of other toxic plants containing 4 different kinds of secondary compounds to confer toxicity. Though the chemical ecology of these 5 insects is under-studied, we can postulate that, at least in Pyrgomorphidae, only those species 6 that are intimately associated with Apocynaceae have evolved the cardenolide insensitivity of 7 Na + , K + -ATPase. 8
Considering the full dataset now including data from six insect orders, our study confirms 9 previous findings [30] suggesting that, when ATPα1 has been duplicated, unique substitutions at 10 known functionally important sites are significantly enriched specifically among insensitive 11 copies (Figure 5) . This pattern of relaxation of constraint associated with one copy is also 12 apparent at sites outside of those known to be functionally important sites (Figure S4) . Both 13 patterns are a strong indication of neo-functionalisation rather than merely sub-functionalisation 14 of ATPα1. This may be expected given the age of the duplication event. Sub-functionalisation is 15 expected to occur rapidly after duplication while neo-functionalisation takes place over longer 16 timescales because it generally requires more mutations [73] . Most of the duplications of ATPα1 17 in Apocynaceae-specialist insects detected so far are indeed ancient and trans-specific ( Figure  18 3). 19
Despite the expected signature of strong purifying selection on ATPα1 (Figure 7 , Table  20 S4), we have also detected the signature of positive selection on sites implicated in cardenolide-21 insensitivity and exhibiting frequent parallel substitution. Zou and Zhang [74] have pointed out 22 that the observation of parallel substitution per se is not sufficient to infer adaptive significance 23 since this pattern may be expected under a neutral model due to among-site differences in 24 physicochemical constraints. Some evidence against this argument in the case of the evolution of 1 ATPα1 target-site insensitivity is provided by the fact that Apocynaceae-specialist species are 2 highly enriched for substitutions at sites implicated in cardenolide-sensitivity compared to non-3 specialist outgroups [30; this study]. Our finding of positive selection at some of these sites 4 establishes a more direct link between adaptive protein evolution and recurrent parallel 5 substitutions at sites implicated in cardenolide-sensitivity. 6
Interestingly, we have also detected signatures of positive selection at sites not previously 7 implicated in cardenolide-sensitivity (Table S4, Figure S1 ). Some of these sites (e.g. 301, 560, 8 563, 566 and 667) are located far from the cardenolide-binding domain of the enzyme and sites 9 560, 563 and 566 are known to have roles in binding ATP. While this might seem to preclude 10 direct roles in cardenolide-insensitivity, the existence of sites exhibiting allosteric effects on 11 sensitivity is not unprecedented (e.g. 367 and 656, Table S1 , [75] ). This being said, the detection 12 of positive selection at these sites may reflect selection pressures that are either only indirectly 13 related or even unrelated to the evolution of cardenolide-insensitivity. Future functional 14 experiments could be aimed at understanding the effects of these substitutions on cardenolide-15 insensitivity and overall enzyme performance. 16
Duplications of ATPα1 feature prominently in the evolution of cardenolide-insensitivity 17 in herbivorous insects. Given this feature, it will be interesting to compare patterns of recurrent 18 parallel amino acid substitution in insects with vertebrates. Bufonid toads are among the few 19 animals able to produce Na + , K + -ATPase-inhibiting compounds called "bufadienolides" that 20 closely resemble cardenolides and act in the same way [76] . As a result, predators of bufonid 21 toads represented by a wide variety of vertebrates are under pressure to evolve insensitivity to 22 these compounds [77, 78] . In contrast to insects, vertebrates retain at least three copies of ATPα, 23 (ATP1A1, ATP1A2, and ATP1A3), that are differentially expressed among tissues [79] .
Previous studies have so far investigated the H1-H2 extracellular loop of ATP1A1 in bufonid 1 toads and predatory frogs [77] and ATP1A3 of a number of predatory squamates [78, 80] . It will 2 be of considerable interest to further compare patterns of molecular evolution of cardenolide-3 sequestering insects to their bufonid predator analogs in the context of complete reconstructions 4 of all three proteins. 5 6 Acknowledgements 7
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